H uman regular U-500 insulin (U-500), a fivefold concentrated form of U-100 regular human insulin, was introduced to address the insulin needs of patients with severe insulin resistance (1) . Severe insulin resistance has historically been characterized by patients with total daily insulin dose (TDD) requirements exceeding 200 units/day (1) . With the increasing prevalence of diabetes and obesity in the United States, severe insulin resistance has become more common, increasing the need for U-500.
The safe and effective use of U-500 requires careful monitoring to optimize glycemic control while minimizing the risk of hypoglycemia. The elevated risk of medication errors associated with U-500 therapy and a lack of clear guidelines for its use may have been responsible for its underutilization by both patients and health care providers (HCPs). In a survey administered to internal medicine physicians and ward nurses evaluating the inpatient use of U-500, 47% of respondents said they were "very uncomfortable" with the use of U-500 (2) . A 2013 article published by the Institute for Safe Medication Practices (ISMP) reported on an increasing number of medication error reports and complaints from HCPs related to the use of U-500 (3). To address these medication errors, innovations (i.e., a dedicated U-500 syringe and a U-500 pen delivery device) have been developed to help solve dosing confusion issues and potentially enhance HCP and patient comfort with U-500 therapy. Here, we review the available evidence for U-500 and the innovations for its delivery.
Pharmacokinetics and Pharmacodynamics
When considering the use of U-500, patients and HCPs must be aware of the unique pharmacokinetic/ pharmacodynamic (PK/PD) profile that distinguishes it from both basal insulins and prandial insulins. Unlike other insulins, U-500 covers both the basal and prandial insulin needs of patients. This unique PK/PD profile allows for its use as monotherapy, and patients can inject smaller volumes with fewer injections compared to therapy with U-100 insulin.
The PK/PD profile of U-500 shows similar overall insulin exposure when compared to human regular insulin U-100. However, it has significantly lower peak serum insulin concentrations (C max ) (-32% in C max with a 50-unit dose and -27% in C max with a 100-unit dose) and maximum glucose infusion rates (GIR max ) and a longer duration of action of 21 hours (4). The GIR max describes the mean maximal amount of glucose that must be infused or injected to maintain a target blood glucose concentration, providing a quantitative measure of the metabolic activity of an insulin formulation (5) . Investigators attribute the extended duration of action to the continued absorption of insulin from the subcutaneous depot and potentially a slower clearance with high-concentration insulin. The onset of action is similar to U-100, at 15 minutes (4).
In a separate analysis, PK/PD simulation modeling was used to determine single-dose and steadystate PK/PD at high doses of U-500 (6) . The simulation model determined that steady state is reached 24 hours after the first dose is administered for once-daily, twice-daily (BID), and thrice-daily (TID) regimens. Due to fluctuations in PK/PD with once-daily dosing, BID or TID dosing is recommended. The simulation model suggested that PD at steady state with TID dosing would result in stable activity throughout 24 hours, potentially providing better full-day insulin effect compared to BID dosing (6) .
Administration

History
Before the introduction of the dedicated U-500 syringe and the dedicated U-500 prefilled disposable insulin pen device, U-500 was only available in a vial and had to be administered with either a tuberculin syringe or a U-100 insulin syringe (7) . Using either of these options to administer U-500 required HCPs and patients to perform a dose conversion each time they prepared a dose for injection (3) . If a standard U-100 insulin syringe was used, HCPs and patients had to convert the U-500 dose to a "syringe unit" by dividing the U-500 dose by five, so that a dose could be accurately drawn up using the scaled markings of a U-100 syringe. When using a tuberculin syringe, patients and HCPs had to convert the U-500 dose to a volume by dividing the U-500 dose by 500. These conversions could be confusing for both patients and HCPs and could result in giving either too much or too little insulin (3, 7) .
When there was no dedicated U-500 syringe or pen device on the market, ISMP recommended that patients and HCPs use a tuberculin syringe instead of a U-100 syringe to measure doses of U-500 with the assistance of a dose conversion chart (3) . They also recommended that doses be communicated in both units and volume to avoid the confusion associated with the U-100 scale "syringe units" terminology (3) .
After the U-500 insulin syringe and the U-500 pen device were introduced to the market, HCPs and patients were discouraged from using the U-100 insulin or tuberculin syringes to administer U-500, and the dose conversion charts for these syringes were removed from the package insert of U-500 (1).
U-500 Pen Device
In 2016, a dedicated U-500 prefilled disposable insulin pen device (Humulin R U-500 KwikPen; Eli Lilly, Indianapolis, Ind.) was introduced to the market, allowing patients to prepare doses based on the number of units prescribed (8). Each pen device delivers insulin in 5-unit increments and allows for a maximum of 300 units to be delivered in a single injection. Each pen holds 1,500 units of insulin (3 mL U-500 regular human insulin per pen).
The pen device must be primed 5 units before each use to ensure that it is functional and that there is no blockage in the needle and to remove any air from the cartridge and needle to help ensure that the full dose is delivered (8). It is also important to instruct patients using the pen device to use a new pen needle with each injection and to practice proper injection site rotation to reduce the risk of dermal complications such as lipohypertrophy, which can alter the absorption of insulin (8-11).
Unused pens should be stored in the refrigerator and may be used until the expiration date printed on the label (8). Pens that are in use should be stored at room temperature away from light and heat for up to 28 days. After 28 days of use, the pen device must be replaced with a new pen, even if there is insulin remaining in it.
Patients can turn the dial on the pen to their prescribed number of units and administer the dose without having to perform any dose conversion calculations such as were previously required with the vial and a U-100 insulin or tuberculin syringe (8). With the pen device, HCPs and patients need to communicate the prescribed dose in actual units rather than as a volume (as with a tuberculin syringe) or "syringe units" (as with a U-100 syringe) to mitigate potential medication errors that can result in detrimental overdoses. The direct 1:1 dose conversion from the pen to a vial may help reduce the over-or under-dosing that patients taking U-500 are at risk of when undergoing a transition of care and during hospitalizations (12) .
Dedicated U-500 Insulin Syringe
The U-500 scale syringe is designed to help reduce the risk of medication errors associated with U-500 therapy. Despite the rise in popularity of insulin pen devices in the hospital setting (13) , the use of a vial and syringe may still be preferable in some inpatient settings where protocols have not been established to reduce the risk of bloodborne pathogen transmission among patients when an insulin pen device is used for more than one patient.
Introduced to the market in 2016, the U-500 insulin syringe is designed to be used only with vials of U-500 regular human insulin (14) . Now that the U-500 scale syringe is available, to avoid errors, patients who use vials of U-500 should be prescribed the U-500 insulin syringe. The U-100 insulin syringes and tuberculin syringes should no longer be used (1) . Patients who were previously using U-100 or tuberculin syringes to administer U-500 doses should consult their HCP to obtain a prescription for the U-500 syringe with a corresponding U-500 dose indicated by their prescriber. The s z e a n d g o l d m a n labeling for U-500 has been updated with this requirement, and the dose conversion tables needed for use with tuberculin and U-100 syringes have been removed from package inserts.
Similar to the pen device, the U-500 syringe allows patients and HCPs to draw up a dose of U-500 without having to perform a dose conversion calculation. The U-500 syringe features bold scale markings in 5-unit increments and allows for a maximum of 250 units to be delivered in a single injection. The U-500 syringe features a 6-mm, 31-gauge needle, which is a sufficient needle length to deliver insulin into the subcutaneous layer regardless of a patient's BMI and to reduce the risk of an intramuscular injection that can lead to variable insulin absorption (11, 15, 16) . U-500 syringes are also visually distinct from U-100 syringes to reduce medication errors. They feature green needle shields instead of the orange needle shields found on U-100 syringes.
Unopened vials of U-500 should be stored in the refrigerator and can be used until the printed expiration date (1) . If unopened vials are stored at room temperature, vials must be discarded after 40 days. Vials that have been opened can be stored in the refrigerator or at room temperature but must be discarded after 40 days, even if there is insulin remaining in the vial (1) .
Continuous Subcutaneous Insulin Infusion of U-500
Continuous subcutaneous insulin infusion (CSII), or insulin pump therapy, in patients with type 2 diabetes is an area of active research. In the randomized, controlled OpT2mise trial (17) , investigators observed that patients with type 2 diabetes treated with a multiple daily injection (MDI) regimen who switched to CSII were able to achieve clinically significant reductions in A1C and spent less time in hyperglycemia (17) . These clinically significant benefits of insulin pump therapy were maintained for at least 1 year (18) . However, in patients with severe insulin resistance, the use of U-100 insulin analogs with CSII would require very high basal rates and very large prandial boluses, rapidly depleting insulin pump cartridges and requiring frequent and costly insulin cartridge changes.
The use of concentrated insulins in insulin pump devices is not currently approved by the U.S. Food and Drug Administration (FDA) but may serve as a potential solution for CSII use in patients with high-dose insulin requirements. Studies evaluating the efficacy and safety of U-500 administered by CSII are limited to case studies, retrospective studies, and small, prospective studies (19) (20) (21) (22) (23) (24) (25) (26) . Table 1 provides an overview of studies that have evaluated the use of U-500 in CSII. A meta-analysis of studies in which U-500 was administered via CSII determined a mean reduction in A1C of 1.64%, a nonsignificant increase in weight (2.99 kg), and a decrease in TDD (13.6 units) (27) . The meta-analysis determined that hypoglycemia was not common with U-500 administered via CSII. The lack of statistical significance of some of these findings may have been a result of the small number of patients (n = 55) or short follow-up periods in the studies included in the meta-analysis (27) .
A randomized, open-label, parallel study of U-500 administration via a dedicated U-500 CSII system compared to MDI (VIVID; Clinical evidence providing guidance on the use of U-500 is relatively limited compared to other insulin products. Before completion of the U-500R titration-to-target study (30) , evidence supporting the use of U-500 was limited to retrospective reviews, case studies, and expert opinions. In the aforementioned meta-analysis of PubMed-indexed studies reporting the use of U-500 (27) , in which 310 patients had administered U-500 by MDI, a significant reduction in A1C of 1.59% was observed.
The meta-analysis also revealed that U-500 via MDI was associated with increases in weight (4.37 kg) and TDD (51.9 units). The incidence of severe hypoglycemia was either not reported or no different from rates reported with U-100 insulin (27) . The U-500R titration-to-target study (30) was the largest study evaluating the clinical efficacy and safety of U-500. It was a 24-week, openlabel, parallel, randomized, controlled trial (RCT) comparing the safety and efficacy of BID to TID dosing of U-500 in 325 overweight patients with diabetes.
Patients met the inclusion criteria if they were previously treated with 201-600 units/day of insulin for a minimum of 3 months before study initiation. Subjects were randomized in a 1:1 allocation to either the TID (40% breakfast, 30% lunch, 30% dinner) or the BID (60% breakfast, 40% dinner) treatment arm.
The titration-to-target algorithms specified adjustments of +5, +10, or +15% per dose as needed to achieve a premeal target of 71-130 mg/dL or -10% for hypoglycemia (≤70 mg/dL) based on the median of the three most recent self-monitoring blood glucose (SMBG) readings. The maximum dose increase was 15% per dose (30% maximum TDD increase), and the maximum dose reduction was 10% per dose (20% maximum TDD reduction). Both BID doses, but only two of the three TID doses were titrated depending on which doses most needed adjustment and prioritizing dose reductions for hypoglycemia over dose increases.
Mean A1C reductions were similar between the BID and TID regimens (1.2 vs. 1.1% for the BID and TID regimens, respectively). There was an increase in mean TDD for both treatment arms. The incidences of severe hypoglycemia and modest weight gain were also similar between the two treatment regimens. A higher incidence of nonsevere hypoglycemia was observed in the BID arm (30) . Rates of both severe and mild hypoglycemia were observed to be higher in patients taking >300 units of insulin per day at baseline (31).
The U-500R titration-to-target study determined that both the BID and TID regimens of U-500 therapy are safe and effective for severely insulin-resistant patients with type 2 diabetes (30). However, an analysis of patient-reported outcomes demonstrated that patients preferred the BID regimen over the TID regimen, with the BID regimen scoring higher in the treatment burden, daily life, compliance, and overall treatment domains of the Treatment-Related Impact Measure-Diabetes questionnaire (32) . Given the clinical equivalency for efficacy and safety of the BID regimen compared to the TID regimen and considering the reported patient preference for the BID dosing schedule, BID dosing may be the preferred regimen in clinical practice when initiating therapy with U-500.
Adjunctive Strategies With U-500 Therapy
Although U-500 monotherapy is an appropriate treatment strategy, in practice, patients with type 2 diabetes will likely be treated with other agents in addition to insulin. However, formal studies evaluating the safety and efficacy of adjunctive therapies in conjunction with U-500 therapy are limited. In a retrospective review evaluating patients (n = 12) treated with U-500 either as monotherapy (n = 2) or as a component of a basal/bolus insulin regimen (n = 7 with a long-acting insulin and n = 3 with a rapid-acting insulin), a 1.8% reduction in A1C after 6-9 months was observed, suggesting that U-500 therapy resulted in improved glycemic control whether used alone or as a part of combination therapy (33). However, patients using U-500 also s z e a n d g o l d m a n experienced weight gain and an increase in TDD (33).
GLP-1 receptor agonists are an attractive class of medications for patients with type 2 diabetes who are severely insulin resistant. These agents improve glycemic control by reducing glucagon secretion, increasing insulin secretion when glucose levels are elevated, slowing gastric emptying, increasing satiety, and delaying carbohydrate absorption. Recently, the FDA has approved combination products containing a GLP-1 receptor agonist and a basal insulin. A limited number of studies have evaluated U-500 therapy in combination with a GLP-1 receptor agonist.
In an observational case series of 15 patients with a mean baseline A1C of 8.48% who were treated with a combination of U-500 (administered via either MDI or CSII) and liraglutide for at least 12 weeks, A1C was reduced by 1.4% (34) . A mean weight reduction of 5.1 kg and a TDD reduction of 28% were also observed. Hypoglycemia (<70 mg/dL) was seen soon after liraglutide was added to U-500 in 53% of the patients, but no severe episodes (requiring assistance) occurred. In this study, baseline U-500 doses were reduced by up to 30% before starting liraglutide, depending on patients' baseline A1C and SMBG readings and based on the managing physicians' judgment. Subjects with higher baseline A1Cs had minimal reductions in their baseline U-500 dose before starting liraglutide (34) .
In a separate 24-week RCT, the effect of adding liraglutide to highdose intensive insulin therapy was compared to standard insulin uptitration in obese patients with type 2 diabetes (35) . Subjects who received liraglutide had a mean A1C reduction of 0.65% (from a mean baseline A1C of 7.8%), whereas those in the control group experienced a 0.39% reduction in A1C (from a mean baseline A1C of 7.79%). Those treated with liraglutide also experienced a mean weight loss of 5.27 kg and a mean 34% reduc-tion in TDD after 24 weeks, whereas the control group had a mean weight gain of 0.37 kg and a mean 4% increase in TDD. In this study, 17 of the 37 patients (46%) included in the study were treated with U-500 at enrollment; 10 of those 17 patients were randomized to receive liraglutide. These U-500 subjects reportedly experienced overall results (reductions in A1C, TDD, and weight) similar to those who were treated with intensive U-100 insulin regimens, but the detailed results of the U-500 subgroup were not published (35) .
In a 24-week, prospective, randomized, open-label, treat-to-target pilot study, the safety and efficacy of U-500 therapy with metformin was compared to U-500 therapy with metformin and BID dosing of exenatide, a short-acting GLP-1 receptor agonist (36) . Similar statistically significant reductions in A1C were observed in the treatment arms, but patients in the exenatide arm generally did not experience significant weight change, whereas those in the U-500 and metformin arm did experience a nonsignificant weight increase (36) .
In a retrospective chart review of 18 patients with type 2 diabetes treated with U-500 and adjunctive extended-release, once-weekly exenatide, no significant changes in A1C from baseline were observed, but patients did achieve nonsignificant modest weight loss and a significant reduction in insulin TDD. There was an increase in hypoglycemic episodes 3 months after the addition of exenatide (37) .
Given such small study populations, the efficacy of U-500 combination therapy with a GLP-1 receptor agonist cannot be conclusively determined at this time.
Conclusion
Human regular U-500 insulin has clinical utility in that it can cover both the basal and prandial insulin needs of patients with severe insulin resistance. Its unique PK/PD charac-teristics allow it to be used as monotherapy administered either TID or BID. Compared to U-100 insulin, U-500 has a lower maximum glucoselowering response and a longer duration of action. With the rising prevalence of obesity, the prevalence of patients with high insulin dose requirements will also increase, potentially increasing the clinical utility of U-500 in practice.
With the completion of the U-500R titration-to-target RCT (30) , there is now better guidance for HCPs on how to initiate and titrate therapy with U-500. Additionally, the introduction of new insulin delivery technologies, including a U-500 pen device and dedicated U-500 insulin syringe, may help to mitigate the risk of medication errors historically associated with the use of U-500, thus enhancing HCP and patient confidence in and comfort with initiating U-500 therapy.
U-500 administered via CSII may be another useful treatment modality to reduce the burden of multiple injections faced by patients with severe insulin resistance and improve their glycemic control. Adjunctive therapy with newer classes of medications such as GLP-1 receptor agonists may help to limit the weight gain and reduce the insulin TDDs of patients using U-500.
Based on the available evidence, U-500 insulin serves as a useful therapeutic option for patients with severe insulin resistance. 
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